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ABSTRACT 
Fatigue crack propagation behavior is an 
important mechanical property in consideration of 
materials subjected to a varying load in service. 
With the use of these data, calculations can easily 
be applied to determine when an existing flaw in a 
structure will grow or when new flaw initiation 
can be anticipated.  Furthermore, the onset of 
catastrophic failure can be anticipated through 
i 
combining fatigue crack growth rates with critical 
flaw size information obtained from fracture tough- 
ness data. 
Electroslag welding techniques have been uti- 
lized in many structural applications over the last 
ten years but only limited fatigue crack growth and 
fracture toughness data are available for electro- 
slag weldments.  The integrity of these weldments 
has recently been questioned due to the failure of 
a major structural member of the 1-79 bridge in 
Pennsylvania. 
In order to better understand the fatigue 
properties of these types of weldments, several 
electroslag weldment samples were trepanned from a 
flange of an existing bridge structure.  The 
1 
circular plugs were machine  fit into holes in plate 
and electron beam welded into place to provide 
sufficient material for preparation of the test speci- 
mens of commercially produced electroslag welds. 
Both fatigue crack threshold and propagation data 
were obtained from these specimens.  The data was ob- 
tained using conventional techniques with the final 
data plotted as da/dN vs AK.  In addition, fracture 
toughness determinations were made using the J-Integral 
technique. 
The threshold of fatigue crack propagation was 
determined to be between 4 to 5 MPa/ttT along the center- 
line of the weldment at an R = .75 (R = P . /P   ). 
mm max 
The equation of the least squares line through the data 
-10   3 71 has been determined to be da/dN = (5.21 x 10   )AK 
The fracture toughness was determined to be 134 MPa/m. 
Calculations of the conditions required for fatigue 
crack growth and brittle fracture in the bridge from 
which the weldments were taken show that neither 
fracture mode is likely during the life of the struc- 
ture under normal conditions of service. 
INTRODUCTION 
Background 
Since the introduction of. electroslag welding 
into the United States during the early 1960's, 
the economics of the process and its ability to 
weld heavy sections easily has caused it to be used 
in many structural applications.  By and large, how- 
ever, before, its use and even today, fundamental data 
such as fatigue crack growth rate and fracture tough- 
ness of electroslag weldments, both important in 
12 3 
engineering applications, have been limited ' ' . 
The fatigue crack growth studies that have been done 
have been performed entirely with laboratory 
manufactured weldments.  The testing has generally 
been completed at low R values (P min/P max) with 
the stress intensity factor being varied at a high 
value (AK).  In addition, previously generated data 
has concentrated on fatigue crack growth with little 
attention to the fracture toughness at specimen 
4 
failure .  These two conditions, while applicable to 
some types of weldment service, are not particularly 
applicable to others.  An example pertinent to this 
study is the fatigue conditions of bridge members. 
3 
In many cases, bridges have relatively high dead 
loads and small liye loads.  Under these conditions, 
the R value in fatigue is quite large while the AK 
is relatively small.  Thus many electroslag weld- 
ments entered bridge service without character- 
ization with respect to these pertinent fatigue 
conditions. 
Due to a failure of a major electroslag 
welded structural member of the Glenfield Bridge 
on Route 1-79 near Pittsburgh, Pennsylvania in 
1977, the integrity of electroslag weldments have 
been under question.  Because of this, the electro- 
slag welding technique has been discontinued as a 
method of fabricating structural members in bridges. 
In addition, all bridges welded by this process have 
come under close examination. 
Presently there are several bridges in Penn- 
sylvania in which the electroslag welding process 
was utilized in joining major structural members.  In 
weldments on several of these bridges, major cracks 
have been discovered.  Figures 1 and 2 illustrate 
two of these cracks found on an older bridge welded 
by this process.  One of the major concerns that such 
cracks create is the question of when the cracks 
4 
initiated, i.e., during fabrication or during 
service. 
If the cracks initiated during service, the 
material would probably have to exhibit a low 
threshold value for fatigue crack growth as the 
live loads on the structure in question were quite 
small.  The threshold value would be below the 
value that has been experimentally determined for 
the base material in previous tests on structural 
steels and below the calculated AK from the known 
loads for the structure.  If this is not the case, 
i.e., fatigue crack propagation did not occur, 
then an underlying cause during fabrication could 
be a possibility.  Alternately, the crack growth AK 
threshold could be much more influenced by R value 
than previously believed and residual stress could 
play a major role in producing a higher R value. 
It is well known that in weldments residual 
stresses up to yield point can be found due to solid- 
ification shrinkage and thermal contractions.  These 
residual stresses can be a factor that contributes to 
fatigue crack propagation in electroslag weldments by 
their influence on R. 
With this practical problem as a background, it 
is clear that the fatigue behavior of electroslag 
welds takes on a more than academic significance. 
Better understanding of the fatigue behavior of 
these weldments with their own particular shrink- 
age patterns and residual stresses is important 
in the determination of the residual life of a 
number of currently existing highway bridges. 
Objectives of the Study 
The main objective of this study was to deter- 
mine the fatigue crack growth rate and threshold 
of fatigue on the centerline of an electroslag 
weldment.  This study has concentrated on threshold 
values of fatigue crack growth and fatigue crack 
growth at relatively low AK values and at high R 
values, thus simulating actual conditions on a 
bridge structure.  The specimens utilized in the 
fatigue crack studies were actual weldments removed 
from an existing bridge structure.  These same spec- 
mens were then further utilized to determine the 
fracture toughness of the material by J-Integral 
techniques. 
The end result should provide insight as to the 
cause of cracking found in electroslag welded bridges 
and guidance as to at which point terminal frac- 
ture of cracked bridge members will be approached, 
SAMPLE PREPARATION 
Three 10.2 cm, diameter trepanned samples were 
obtained from a bridge presently in service in western 
Pennsylvania.  The cores were.centered on the elec- 
troslag welds' that were utilized in joining the 3.81 
cm thick steel flanges of the I-beams used in the 
construction of the bridge. 
The plugs were machined round and surface ground 
to provide flat parallel surfaces.  They were then 
press fit into machined holes in A572 plate material 
and electron beam welded into place by a commercial 
welding lab.  Electron beam welding was chosen because 
the low energy input of this welding process limits 
the heat affected zone (HAZ) size.  This procedure 
allowed the maximization of the number of specimens 
available from the limited amount of material by 
adding additional steel for gripping test specimens. 
Figures 3 through 5 show the plugs after welding 
and Figures 6 through 8 show the plugs after the final 
surface grind and macroetch. 
From plugs B3 and 9G1A3, three and four point 
bend bars were cut with the nominal dimension of 
W = 3.3 cm, B = 1.27 cm, and L = 15.3 cm, as il- 
8 
lustrated in Figure 9. Figures 10 and 11 indicate 
the location of each of the test specimens as they 
were cut from the welds. 
The chemistry of both the weld metal and the 
base material are tabulated in Table 7,, revealing no 
major irregularities.  The Charpy impact values for 
the weld metal were found to be similar to that of 
the base material with values in the range 16 to 20 
Joules at -17.8°C.  The yield strength of the flange 
material utilized in this structure was determined 
to be 404.1 MPa (58.6 psi) with an ultimate yield 
strength of 605.4 MPa (87.8 psi).  There was not 
enough weld material available to fabricate samples 
to determine tensile properties.  The above mech- 
anical properties have been obtained from unpublished 
data generated in a parallel investigation 
Typical microstructure of the weld metal is il- 
lustrated in Figures 12 and 13.  Figure 12 shows a 
microstructure with prior austenitic ASTM grain size 
of 3 to 4.  This is typical of the fine grained weld 
metal often found in the center of the weldment. 
Figure 13 shows a microstructure withaprior aus- 
tenitic ASTM grain size of less than -3 and is 
typical of the coarse grain weld metal.  This type 
of microstructure is indicative of the nature of the 
electroslag welding process in that it has a large 
heat input, large weld metal pool, and relatively 
slow cooling time.  Metallographic examination of 
these specimens revealed essentially defect free 
welds. 
The samples were then notched with an electric 
discharge machine (EDM) resulting in a good stress 
concentrator to start the crack while affecting a 
minimum of material.  All notches/ and hence cracks/ 
oriented parallel to the weld direction in the cen- 
ter of the weldment with the crack propagating per- 
pendicular to the weld direction.  After the EDM 
notch was completed, one side of each specimen was 
metallographically ground and polished (1 micron) to 
facilitate seeing the crack.  Scribe lines were 
placed approximately every O.iO inch in order to 
facilitate crack length measurement.  After fatigue 
data was obtained, these same samples were used to 
obtain fracture toughness data. 
10 
DATA ANALYSIS METHODOLOGY 
Fatigue Crack Propagation 
It has been established that the growth rate of 
a high cycle fatigue crack can be described as a 
function of the crack tip stress intensity factor, 
da/dN = f(AK) ' .  To date there exists no published 
standard on determination of fatigue crack growth 
data; however, there is a proposed standard.  The 
proposed standard outlines recommended procedures 
for determination of fatigue crack growth data with 
specimens that are not in plane strain, but are of 
sufficient size to remain predominantly elastic. 
The basic technique, as outlined in the proposed 
"Method of Test for Steady State Fatigue Crack Growth 
Rates" involves cycling a specimen at a controlled 
varying load (AP) and measuring the crack length as 
7 
a function of the number of cycles .  The resulting 
data when plotted becomes a curve of crack length 
(a) versus number of cycles (N).  The growth rate 
(da/dN) at some point is determined by taking the 
slope of the curve at that point. 
In this study, the slope was determined by the 
3 point secant method.  This consists of taking the 
11 
slope of the line connecting the two points adjacent 
i 
to the point of interest.  The slope of this line is 
assumed to be the slope of the line tangent to the 
curve at the point of interest.  It is expressed as 
.da.   _ i+1 i-1 ... 
(dN
 
ai  Ni+1 " Ni-1 (" 
This is illustrated in Figure 14.  The varying 
stress intensity factor (AK) is then calculated at 
g 
point a. by the following expression 
AK = /k.   6 AP?L f(a/W) (2) 1
   B vr 
where 
a.     = crack length 
AP     = varying load 
L      = moment arm (4 point bend specimen) 
B      = thickness 
W      = width 
f(a/W)  = 1.99 - 2.47 (a/W) + 12.97 (a/W)2 
- 23.17 (a/W)3 +24.8 (a/W)4.    (3) 
The resulting data is plotted as log da/dN 
versus log AKwith a straight line drawn by a least 
squares fit, with the equation of the line having 
the form of: 
log da/dN. = log C + n log AK 
12 
where C and n are constants.  This least square 
regression line is derived from the basic equation: 
Y
 
=
 
ao + alX (4) 
The constants a and a, are determined by solving 
the following equation simultaneously 
£Y = ctQN + a1ZX (5) 
HXY = aQSX + c^EX2 (6) 
where N = number of points 
the standard error of estimate was determined by 
the following 
2 _ £(Y - Yest)2 
N (7) 
From this calculation, a set of lines are drawn 
parallel to the least squares line at a vertical 
distance of ±2S.  This is the scatter band for 95% 
9 
confidence  .   This analysxs procedure was fol- 
lowed in this study. 
Fatigue Threshold 
The overall behavior of fatigue crack growth 
is divided into three categories, as illustrated 
in Figure 15.  In this diagram, region I is the 
threshold regime of fatigue crack propagation, 
region II is normal fatigue crack propagation, and 
region III is accelerated growth before fast fracture, 
13 
The stress intensity factor fluctuation below 
which crack propagation ceases is called the thresh- 
old, AK.,.  It has been shown by Harrison  that the 
fatigue threshold for various materials occurs in 
the range of: 
4      AKth 1.5 x 10" /In. < —££ < 1.8 x 10  /Iii.     (8) 
E 
where E = Young's modulus 
If  211 GPa is used as an estimation of Young * s 
modulus for electroslag welds, AK.. is calculated to 
be 4.95 MPa/m. 
Several investigators have reported an effect of 
R value on fatigue crack growth and are summarized by 
Rolfe and Barsom  .  The general effects are prima- 
rily in region I (threshold) and extend to region II 
(growth).  In these studies, it was found that by 
increasing R, the AK., is lowered for some materials. 
12 - Barsom  has found that for martensitic, ferrite- 
pearlite, and austenitic steels the relationship 
which describes the threshold value can be written as: 
AKth = 7*04^1 " 0-85R) (9) 
Thus for R values of .1, .5, and .75, AK.. = 6.47, 
4.03, and 2.55 MPa/m respectively.  An analysis of 
the experimental data from this study should con- 
firm or question this relationship. 
14 
Fracture Toughness 
Determination of the fracture toughness of 
materials in plane strain is a direct calculation 
through the use of Linear Elastic Fracture Mechanics 
(LEFM).  The techniques are well established and are 
described in ASTM E399.  In this study, the spec- 
imens did not meet the size requirements (B > 2.5 
K 2 (—) ) for plane strain, as set forth by E399, therefore, an 
alternate method of determining fracture toughness 
was used, the J-integral. 
The J-integral was originally proposed by 
14 Rice  .  With its use, the crack tip stress and 
strain fields can be determined as a two dimen- 
sional energy line integral 
C 3u. 
J = Wdy  -  a..  N.   r-ids (10) 
> "1ST" 
where 
r XJ   x °x 
a.  . = stress tensor 
u-  = displacement vector 
ds = element of arc length along arbitrary 
path r 
N.  = outward normal vector to path V 
-   fcifi: W =  I a^-de..., = the strain energy density 
15 
This is illustrated in Figure 16, where T, = 
13 G..N.   .  This is a path independent line integral 
that avoids plasticity effects by computing the 
integral on a path around the plastic zone near the 
crack tip.  It has been shown that in both linear 
and non-linear elastic materials that this line 
14 integral is path independent  .  The J-integral, 
however, is limited to the initiation of crack 
extension since the crack extension causes a load 
relaxation which is a violation of the basic premise 
of the deformation theory of plasticity.  Even 
though the J-integral is valid rigorously only in 
the elastic regime, it has been extended to the 
plastic regime 
By the use of the deformation theory of plas- 
ticity, Rice has defined the J-integral in an 
14 15 
alternate, more useful way '-.   . 
rz  6 
J = - 
J 
where 
~p       [9
JE  d 6p =J-3TE P. A   T> = 
area 
d p S£^2:      (11) 3 a        da 
a    = crack length 
6  == displacement at load point 
P    = load 
area = area under the load vs. load 
displacement record as shown in Fig. 17 
16 
The integral Pd5  is different for the crack 
lengths a and a + da, where da is the crack exten- 
sion is equal to Jda = area, as illustrated in 
Figure 1713. 
This same relationship, stated slightly dif- 
ferently, was used by Begley and Landes to develop a 
method of determining J'from a family of load dis- 
,      .       16,17 placement curves 
J = ~^p  <S = constant       (12) 
where 
du/B = change in strain energy normalized 
per unit thickness. 
In the case of linear elasticity, J is equal to G, 
the crack driving force. 
K  2 Gic = Jic = ~¥~ (1" v2> <13> 
where 
K__, = plane strain fracture toughness 
E  = modulus of elasticity 
v  = Poisson's ratio. 
Begley and Landes loaded similar samples with 
different initial crack lengths to a constant load 
line displacement.  The area under each load dis- 
placement record, as illustrated in Figure 18b, is 
the strain energy associated with each crack exten- 
17 
sion.  For each specimen to have the same final dis- 
placement, it would suggest that the specimens with 
the shorter initial crack would have a longer crack 
extension.  The extra crack extension requires a 
higher load and thus more work is applied to the 
crack extension.  It must also be realized that some 
of the work is applied to creating the plastic zone 
associated with each crack. 
This can also be seen when the energy, normalized 
by thickness ( /B) is plotted against the initial 
crack lengths for the different displacements, as il- 
lustrated in Figure 18c.  More energy for crack exten- 
sion is required for the shorter initial crack  length 
in order to obtain the same displacement.  Finally, 
from equation (5), J is the negative slope of the 
curve in 18c.  J can be calculated and plotted as a 
function of load line displacement for different ini- 
tial crack lengths, as illustrated in Figure 18d. 
18 Further work by Rice, et al.   has produced a 
simpler approximation for the J-integral for spec- 
imens with a remaining legiment primarily in bending. 
The Rice approximation describes J as follows: 
18 
where 
A = area under load displacement curve 
B = thickness 
b = unbroken ligament. 
This technique will be presented in more detail in a 
later section. 
19 
.TESTING 
Fatigue Crack Propagation 
Procedures were followed that meet, as closely 
as possible, the proposed "Method of Test for State 
7 
Fatigue Crack Growth Rates" .  Due to the limited . 
amount of material, four point bend samples were 
utilized instead of compact tension or center crack 
tension samples.  Four point bending was preferred 
over three point bending due to the uniform stress 
field over a larger area, allowing the crack to pro- 
pagate without influence of a potentially uneven 
loading.  An illustration of the specimen is shown in 
Figure 9 and a picture of the apparatus is shown in 
Figure 19. 
The EDM Crackstarter notch was used and was 
typically .05W.  It required relatively high loads 
(AK = 25 MPa/rT) to initiate the crack to facilitate 
ease of crack initiation from the notch, the spec- 
imen was loaded with the notch tip in compression to 
a stress as determined by 
max   t nom (15) 
where 
K.   = stress concentration 
20 
a =. stress at the notch tip 
max e
a =  nominal stress 
nom 
The notch tip experienced local plastic defor- 
mation causing a residual tension field at the notch 
tip after the load was removed.  The specimen was 
then loaded with the notch tip in tension.  The com- 
bination of the residual tensile stress and the ap- 
plied tensile stress enhance crack initiation. 
After crack initiation, the load was shed in 
small increments until the desired AK and R values 
were reached.  The amount of load shedding was 
approximately 10% after growth was established at 
each previous level.  Recording of data did not be- 
gin until the crack length was greater than ,1W. 
The initial plastic zone was generally of the order 
of 1 mm and was well below .1W.  Recording of data 
was discontinued at a/W = .6." 
Most of the precrack and fatigue studies were 
completed on the Amsler High Frequency Vibrophore. 
Two specimens, B3-3 and B3-4, were tested on a 20 Kip 
Materials Testing Machine (MTS).  The MTS was used to 
obtain data at higher AK values since it is capable 
of being operated at lower frequencies.  It also 
provided an overlapping region of fatigue data that 
became a verification of the data obtained from the 
21 
Amsler. 
Crack lengths were measured with a 50X Garret 
hairline microscope which had a calibrated micro- 
meter.  G^ne complete revolution of the micrometer 
moved the hairline a distance of .127 mm (.005 in.). 
The micrometer had 100 divisions per complete 
revolution allowing an accuracy of measurement of the 
hairline well below ± .0127 mm (.0005 in.).  The 
accuracy of defining the crack tip location by this 
optical technique was estimated to be ± .0127 mm. 
A variable frequency strobe light was utilized 
to allow measurements of the crack tip without in- 
terupting the test.  This eliminated the problem of 
overload interactions when starting and stopping the 
machine.  This technique was used only on the Amsler 
since the MTS is not prone to this type of problem 
due to automatic controls. 
An automatic digital counter was utilized on 
both the Amsler and the MTS machines to record the 
number of cycles for each crack length measurement. 
To insure the basic techniques utilized were 
valid, two specimens of A-36 structural steel, with 
similar dimensions were tested in the same manner as 
the electroslag samples. „ The data were checked 
against a previous threshold study by Klingerman and 
22 
Fisher.  Figures 20 and 21 show the resulting data 
with the scatter bands that were determined by 
20 Klxngerman and Fisher  .  As can be seen, the agree- 
ment is very good.  Further comments on the remaining 
data will appear in the Discussion of Results. 
The variation in da/dN at a given AK, according 
to the proposed specification/ can vary by a factor 
— 8 
of two to values down to 10  mm/cycle and by a fac- 
tor of five at values below this.  This is in agree- 
21 
ment with work completed by Clark and Hudak 
Fracture Toughness 
After the fatigue data was obtained, the 
specimens were further used to obtain fracture tough- 
ness data through the use of the J-Integral.  During 
the fatigue crack propagation studies, the crack was 
grown to an a/W = .6.  The AK" never exceeded 40% of 
the fracture toughness of the material, thus meeting 
E399 requirements.  The R values did not meet the 
E399 requirement of being equal to .1. 
The basic technique, as determined by Landes and 
22 Begley, involves the use of multiple specimens 
Each specimen is loaded to a different load line dis- 
placement and unloaded before complete fracture as 
illustrated i"n Figure 22a.  This corresponds to a 
23 
different crack extension (Aa) for each specimen. 
The J value is calculated from the previously 
discussed equation (14) 
J
 " Bb 
The area under the curve (A) is illustrated in 
Figure 22c. 
The initial fatigue crack and crack extension 
after loading are marked by heat tinting or by fur- 
ther fatigue cracking the sample.  The sample is then 
broken open at cryogenic temperatures and the Aa is 
measured by optical or scanning electron microscope 
techniques.  The crack extension is illustrated in 
Figure 22b. 
The resulting J versus Aa values are plotted as 
illustrated in Figure 22d.  A least squares line is 
drawn through the experimentally determined points 
that intersects the calculated blunting line, J = 
(2 ffflow) (Aa) at a point called JIC-  JIC is,con- 
sidered the first true crack growth and the blunting 
line is considered the crack opening stretch zone. 
JIC is related to KIC/ the linear elastic fracture 
toughness, by the previously given equation (13) 
K  2 
JIC = "IT- (1"v2) (13) 
In this study, an Instron testing machine was 
24 
used to obtain the fracture toughness data.  A 
ten thousand pound compression load cell was 
utilized.  The crosshead speed was set to either 
.508 mm/min or 5.08 mm/min.  The load displace- 
ment record was drawn on the x-y recorder built into 
the instrument.  A three point bending fixture was 
utilized with an S/W equal to four. 
Measurement of Crack Extension (Aa) 
After the load displacement record was obtained 
from each specimen, the Aa was measured.  The area 
under the curve, which is J, was then plotted as a 
function of Aa. 
The Aa was marked by heat tinting the specimen 
at 525°F for 30 minutes producing a bluish tint. 
The specimens were then cooled in liquid nitrogen 
and loaded at a fast rate introducing fast fracture 
in the remaining ligament. 
The specimens were optically inspected in an 
attempt to measure the Aa.  It was known that some 
of the samples experienced localized cleavage. 
This was apparent from the "pop ins" that occurred 
on the load displacement records.  These areas were 
not easily distinguished by optical methods. 
The fracture surfaces from one side of each of 
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the specimens were removed from the sample, cleaned 
ultrasonically, and carbon coated for study on the 
Scanning Electron Microscope (SEM), as shown in 
Figure 23.  The areas of fatigue, ductile tearing, 
and cleavage were clearly visible on the SEM.  This 
is illustrated in Figure 24, which is a composite 
photograph of the entire crack Ifront at 15X.  Figures 
25 and 26 are higher magnifications of the same 
specimen further illustrating these areas. 
In this study, Aa was measured three different 
ways.  The resulting JT_ obtained graphically was 
found to be in good agreement for the three methods. 
The first method consisted of measuring the 
width of the ductile tearing zone at a magnification 
of 20OX.  The ductile tearing zone was considered 
the area from the end of the fatigue region to the 
area of the first cleavage.  A total of more than 
twenty measurements were made across the crack front, 
which were then averaged, each measurement with equal 
weight.  As can be seen from Figure 24 the crack 
extension front is significantly curved with the 
edges contributing less to Aa then the center.  This 
technique will give a lower Aa than what may appear 
to be correct. 
The second method consisted of making a composite 
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picture at 22X, drawing a best fit line across the 
crack front, and then measuring the maximum Aa near 
the center.  This is an averaging technique in that 
some areas of cleavage were included in the crack 
extension while some areas of ductile tearing were 
not. 
The third method is similar to the second since 
it uses the same best fit line.  Instead of measuring 
the maximum Aa, an averaged Aa is calculated ignoring 
the narrow crack extension on the edges. 
The data from all three were graphed in Figures 
27 through 29.  Least squares fit was used to determine 
the line through the points.  Even though there.is 
significant scatter, attributed to the localized 
cleavage, the three lines intersect the blunting 
line within 20% of each other.  The lowest, most 
conservative, value was utilised in further 
calculations. 
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ANALYSIS OF DATA 
Fatigue Data 
The fatigue data are tabulated in Tables 1 
through 6.  The data, as analyzed and plotted by 
the computer is presented in Figures 30 through 35. 
Figure 36 is combination of all the data points on 
one graph.  A least squares line is drawn through 
the data points.  The equation of this line is 
da/dn = (5.2058 x 10 XU)AK  ' .  A scatter band was 
also determined using the same points.  Data points 
below a AK of 6 MPavm* were not used in the deter- 
mination of these lines as those data points are 
relatively close to the threshold region and are 
significantly divergent from the rest of the data. 
The threshold of this material at an R = .75 was 
determined to be between 3.94-MPa/m to 4.39 MPavm". 
Specimen 9G1A3-2 was cycled at a AK = 3.94 MPa/m 
for 29,809,000 cycles.  It was then cycled at a 
AK = 4.39 MPa/m for 4,750,000 and growth began. 
Figure 35 illustrates the almost vertical region 
between AK = 4 to AK = 5 MPa/n indicating the thresh- 
old region. 
The time required to obtain the threshold data 
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is significant.  The Amsler operates at approximately 
100 HZ.  The machine time required for the threshold 
value for Specimen 9G1A3-2 was 82.8 hours (29,809,000 
cycles) and was monitored in the growth region for 
101.6 hours (36,595,000 cycles), a total time of 
184.4 hours. 
It can be seen from Figure 37 that most of the 
specimens produced data that overlapped data from 
other specimens.  This overlap provides a verifi- 
cation of the consistency of the data. 
In this study, the significant change in the 
fatigue crack growth rate was not found at different 
R values. 
Fracture Toughness Data 
An estimate of the fracture toughness of the 
material was determined through the use of the J 
integral.  The J vs Aa curves obtained for three 
different methods of measuring Aa are shown in 
Figures 27,through 29.  All three least squares 
lines intersect the blunting line within 20% of 
each other.  The blunting line was calculated 
(4 23) 
utilizing 50 Ksi for yield strength '  .  The frac- 
ture toughness was calculated using the previously 
discussed equation 
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K  2 
Jlc " 1—(1" v  > 
For a JIC = 650 in. lbs, the K  was calculated to 
be 134 MPa/m (147 Ksi/Tn. at -17.8°C. 
This can readily be compared to the estimated 
fracture toughness of both the flange and the web 
material as summarized in Table 8.  This material 
was obtained from the same structure in which the 
electroslag weldments were obtained.  The samples 
were not thick enough to obtain valid KIfl values but 
estimates of fracture toughness were obtained by 
assuming the J value obtained lies on the blunting 
line.  The crack extension was extremely small thus 
supporting the assumption the values obtained were 
values representing the energy required to initiate 
unstable crack extension.  The fracture toughness 
of the flange was estimated to be 72 MPavm" (78 Ksi/in".) 
and for the web 236 MPavfiT (260 Ksi/In. at -17.8°C. 
Application of Data 
The fracture toughness and fatigue crack growth 
data can be directly related to engineering appli- 
cations in structures.  Calculations based on the 
threshold values of fatigue crack growth provide 
estimates of when crack growth can be expected.  The 
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fracture toughness data provides an estimate of how 
large a crack is required for catastrophic failure 
of a typical highway bridge. 
In the following calculations, estimates of 
bridge loading, as determined by Hausamman and 
Fisher, were utilized.  The dead load was calcu- 
lated based on the original engineering of the struc- 
24 ture while the live loading was measured  .  Both 
the live and dead loading are representative of that 
found in the bridge in which the material for this 
investigation was obtained. 
1. Fatigue Analysis 
To determine if a crack is capable of growing, 
the stress intensity range must be calculated.  If 
the calculated range of stress intensity exceeds the 
value determined for threshold of fatigue, crack 
growth will occur.  The results of this investigation 
show that in an electroslag weld, the threshold value 
is about 4.4 MPav^m.  Using the geometry and live 
loading conditions determined by Hausamman and Fisher 
for an existing electroslag welded bridge as a model, 
the conditions required for growth may be calculated. 
The model conditions for this calculation are: 
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Live Load = 6.89 MPa 
Dead Load = 131 MPa ' ■ - 
Flange Thickness - W = 0.032 m. 
Using the expression for an infinitely long surface 
crack in a plate, the critical crack depth for the 
AK.. may be calculated: 
AKth ^ YAa/iT 
where: 
AK.. = threshold stress intensity range = 4.4 MPa^m" 
Aa       = stress range = 6.89 MPa 
a   = crack depth required to produce additional 
crack growth 
Y   = 1.1/5" (live load/yield point ~ 0) 
Therefore: 
a   = 0.107 m. 
c 
Thus, there are no conditions under which crack 
growth can occur in this member under normal live 
loading, i.e., the stress range is too low. 
It should be noted that the actual stress level 
in the vicinity of the flaw is probably above the 
nominal dead load of 131 MPa because of residual 
stress.  These stresses contribute to crack growth 
by reduction in the AK.. in that they raise the R 
value (mean stress) in the flaw region.  In this ■ ■ - 
analysis these effects are already partially taken 
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into account in that the AK^, used was for an R value th 
of 0.75.  It is doubtful that crack growth can be 
initiated in this bridge under 6.89 MPa live loading 
even at the highest R values. 
2. Fracture Toughness 
The analysis can be taken one step further to 
address the question of when catastrophic failure 
can occur.  The same basic formulation is again used 
and two conditions of residual stress are considered. 
A fracture toughness of 134 MPa/iri is used, as deter- 
mined in this study.  The stress is the dead loading 
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as determined by Hausamman and Fisher 
KIC = Yo^~c 
K_r = fracture toughness =134 MPa/m" 
0  = dead load + live load = 138 MPa 
y  = l.i/if 
a  = 0.25 m. 
c 
Therefore, brittle fracture cannot occur in this 
member under static loading down to -17.8°C. 
If residual stresses are also considered the . 
stresses are raised, perhaps to the weld metal yield 
point, on the order of 400 MPa.  Under this condition 
the a  reduces to 0.030 m.  This is still about equal 
to the plate thickness; brittle fracture is pre- 
33 
eluded in a 0.032 m. thick plate. 
It is to be recognized that these calculations 
are only approximate and apply strictly to the model 
conditions used.  Higher live loads, for example, 
30 MPa, can produce crack growth in flaws in the 
order of 0.004 m.  Dynamic rather than static 
loading can reduce the value of KIC to the point 
where brittle fracture can be initiated in heavy 
weldments.  For the conditions of actual service 
experienced by these weldments, however, these 
conditions did not exist and neither crack growth 
or brittle fracture are likely. 
If the defects observed in this and similar 
bridge structures can not be attributed to the growth 
of small flaws by fatigue or by rapid growth under 
static load, it must be assumed that they were 
produced at the time of welding and are thus 
attributable to fabrication and not service conditions. 
For example, the crack shown in Figure 1 is typical 
of some found in bridge weldments.  Examination of this 
Figure shows the presence of elemental copper both along 
the crack surfaces and inside cracks.  It is thus most 
probable that this defect is due to contamination of the 
weld metal during welding, reinforcing the conlusion 
that it was not produced in service. 
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CONCLUSIONS 
1. The fatigue crack propagation characteristics 
of the electroslag weldment tested are similar 
to A36 structural steels. 
2. The threshold of fatigue crarwk propagation 
for the material tested is between 4 and 
5 MPa»/m" at an R = .75.  This threshold of 
fatigue is in close agreement with the 
estimates by Harrison  and in fair agreement 
with estimates by Barsom 
3. The fracture toughness of the material 
tested is approximately 134 MPa^m" (147 Ksi/in.) 
and is comparable to the base material. 
4. The equation of the least squares line 
through the fatigue data has been determined 
to be: 
da/dN = (5.21 x 10~10)AK3'71 
5. On the basis of an analysis of the bridge 
from which the welds were taken, it is not 
expected that fatigue cracks would initiate 
due to service conditions in the weldment 
tested.  Service live loads do not produce 
AK values approaching the measured threshold. 
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6. Similarly, brittle fracture is unlikely in 
the bridge from which the welds were taken.' 
Service loads, with or without residual 
stresses, do not produce R values approaching 
the KIC. 
7. On the basis of the above conclusions, defects 
found the bridge must be assumed to be due to 
fabrication errors, and observation of the 
characteristics of the defects support this 
conclusion. 
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TABLE 1, SPECIMEN NUMBER B3-1 
J N CYCLE CRACK LENGTH 
mm 
DELTA K 
MPA/M: 
6.4785 
DA/DN 
mm/CYCLE 
2 342000 3.4620 7.4083E-07 
3 481000 3.5382 6.5466 9.4712E-07 
4 578000 3.6855 6.6769 1.3677E-06 
5 650000 3.7694 6.7502 1.5142E-06 
6 734000 3.9218 6.8821 1.7232E-06 
7 877000 4.1605 7.0857 1.5433E-06 
8 971000 4.2875 7.1927 1.2082E-06 
9 1062000 4.3840 7.2735 1.1012E-06 
10 1144000 4.4780 7.3517 1.3811E-06 
11 1222000 4.6050 7.4569 1.7162E-06 
12 1292000 4.7320 7.5614 1.7369E-06 
13 1358000 4,8412 7.6510 1.6548E-06 
14 1358000 4.8412 7.6510 1.9844E-06 
15 1454000 5.0317 7.8063 2.0752E-06 
16 1511000 5.1587 7.9094 2.0000E-06 
17 1581000 5.2857 8.0122 1.9690E-06 
18 1640000 5.4127 8.1148 2.2679E-06 
19 1693000 5.5397 8.2172 2.3091E-06 
20 1750000 5.6667 8.3194 2.2478E-06 
21 1806000 5,7937 8.4216 2.1709E-06 
22 1867000 5.9207 8.5237 2.0509E-06 
23 1967000 6.1239 8.6871 2.4279E-06 
24 2003000 6.2509 8.7893 2.7912E-06 
25 2058000 6.3779 8.8916 2.8097E-06 
26 2116000 6.5684 9.0454 3.3421E-06 
27 2153000 6.6954 9.1482 2.9535E-06 
28 2202000 6.8224 9.2513 2.9195E-06 
29 2240000 6.9494 9.3546 2.7021E-06 
30 2296000 7.0764 9.4582 2.5400E-06 
31 2340000 7.2034 9.5622 3.2152E-06 
32 2375000 7.3304 9.6666 3.5775E-06 
37 
TABLE 1, SPECIMEN NUMBER I J3-1 (Contir lued) 
J N CYCLE CRACK LENGTH 
mm 
DELTA K 
MPA/M 
9.7713 
DA/DN 
mm/CYCLE 
33 2411000 7.4574 3.1358E-06 
34 2456000 7.5844 9.8766 2.3738E-06 
35 2518000 7.7114 9.9823 2.0320E-06 
36 2581000 7.8384 10.0886 3.2564E-06 
37 2596000 7.9654 10.1954 5.5217E-06 
38 2627000 8.0924 10.3028 4.2333E-06 
39 2656000 8.2194 -s 10.4108 5.4429E-06 
40 2697000 8.4734 10.6289 6.3500E-06 
41 2716000 8.6004 10.7390 6.8649E-06 
42 2734000 8,7274 10.8499 6.8649E-06 
43 2753000 8.8544 10.9615 6.5128E-06 
44 2773000 8.9814 11.0740 6.5741E-06 
45 2787000 9.0780 11.1601 5.3219E-06 
46 2815000 9.2050 11.2741 6.1951E-06 
47 2828000 9.3320 11.3891 6.8649E-06 
48 2852000 9.4590 11.5050 6.1951E-06 
49 2869000 9.5860 11.6220 7.2571E-06 
50 2887000 9.7130 11.7400 6.8649E-06 
51 2906000 9.8400 11.8591 6.3500E-06 
52 2927000 9.9670 11.9793 6.8649E-06 
53 2943000 10.0940 12.1007 7.4706E-06 
54 29.61000 10.2210 12.2233 7.2571E-06 
55 2978000 10.3480 12.3472 6.8649E-06 
56 2998000 10.4750 12.4724 6.8649E-06 
57 3015000 10.6020 12.5989 7.6970E-06 
58 3031000 10.7290 12.7268 8.1935E-06 
59 3046000 10.8560 12.8562 9.4074E-06 
60 3058000 10.9830 12.9870 1.1176E-05 
61 3071000 11.1354 13.1461 1.2315E-05 
62 3091000 11.3894 13.4164 1.2290E-05 
63 3102000 11.5164 
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13.5541 1.2700E-05 
TABLE 1, SPECIMEN NUMBER I 13-1 (Contxr med) 
J N CYCLE CRACK LENGTH 
iran 
DELTA K 
MPA/M 
13.6936 
DA/DN 
mm/CYCLE 
64 3111000 11.6434 1.0160E-05 
65 3127000 11.7704  , . 13.8349 9.1935E-06 
66 3142000 11.8974 13.9780 1.1043E-05 
67 3150000 12.0244 14.1232 1.3368E-05 
68 , 3161000 12.1514 14.2703 1.1545E-05 
69 3172000 12.2784 14.4195 1.4111E-05 
70 3179000 12.4054 14.5708 1.5875E-05 
71 3188000 12.5324 14.7243 1.4111E-05 
72 3197000 12.6594 14.8801 1.4111E-05 
73 3206000 12.7864 15.0382 1.4111E-05 
74 3215000 12.9134 15.1987 1.3368E-05 
75 3225000 13.0404 15.3617 1.3368E-05 
76 3234000 13.1674 15.5272 1.3368E-05 
77 3244000 13.2944 15.6954 1.5875E-05 
78 3258000 13.5484 16.0398 1.8143E-05 
79 3265000 13.6754 16.2163 1.8143E-05 
80 3272000 13.8024 16.3957 1.4111E-05 
81 3283000 13.9294 16.5781 1.6933E-05 
82 3287000 14.0564 16.7636 2.3813E-05 
83 3299000 14.3104 17.1443 1.8143E-05 
84 3315000 14.5644 17.5385 1.5875E-05 
85 3331000 14.8184 17.9468 1.2765E-05 
86 3354000 15.0622 18.3529 1.4642E-05 
87 3365000 15.3162 18.7913 1.9538E-05 
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TABLE 2, SPECIMEN 1 
J N CYCLE CRACK LENGTH 
mm 
2 299304 3.1445 
3 677000 3.2461 
4 1180000 3.3350 
5 1470000 3.3426 
6 1831000 3.4239 
7 2490000 3.4620 
8 4121000 3.5255 
9 4360000 3.5763 
10 4708000 3.6525 
11 5312000 3.7795 
12 5838000 3.8049 
13 6228000 3.9700 
14 6562000 4.0970 
15 7038000 4.2240 
16 7180000 4.2875 
17 7503000 4.3586 
18 7821000 4.4221 
19 8325000 4.6355 
20 8582000 4.6685 
21 9170000 4.9225 
22 9451000 5.0495 
23 9725000 5.1257 
24 10153000 5.3340 
25 10321000 5.5956 
26 10602000 5.7226 
27 10889000 5.8242 
28 11088000 5.9512 
29 11555000 6.0782 
30 11808000 6.2306 
31 12060000 6.2992 
32 12259000 6.4592 
DELTA K 
MPA/M 
4.9012 
4.9757 
5.0401 
5.0456 
5.1039 
5.1311 
5.1761 
5.2119 
5.2652 
5.3532 
5.3707 
5.4836 
5.5694 
5.6544 
5.6967 
5.7439 
5.7859 
5.9259 
5.9474 
6.1123 
6.1942 
6.2432 
6.3767 
6.5438 
6.6247 
6.6894 
6.7703 
6.8512 
6.9483 
6.9921 
7.0943 
DA/DN 
mm/CYCLE 
2.8337E-07 
2.1631E-07 
1.2172E-07 
1.3656E-07 
1.1704E-07 
4.4367E-08 
6.1123E-08 
2.1635E-07 
2.1345E-07 
1.3487E-07 
2.0797E-07 
4.0345E-07 
3.1358E-07 
3.0825E-07 
2.8951E-07 
2.1002E-07 
3.3681E-07 
3.2376E-07 
3.3967E-07 
4.3843E-07 
3.6613E-07 
4.0524E-07 
7.8842E-07 
8.6552E-07 
4.0246E-07 
4.7037E-07 
3.8138E-07 
3.8806E-07 
4.3758E-07 
5.0687E-07 
8.1909E-07 
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TABLE 2, SPECIMEN NUMBER B3-2 (Continued) 
J N CYCLE CRACK LENGTH 
mm 
DELTA K 
MPAVM 
7.3141 
DA/DN 
ttlffi/CYCLE 
33 1267400Q 6.8021 8.8059E-07 
34 12908000 7.0307 7.4615 9.0254E-07 
35 13068Q0Q 7.1577 7.5437 7.5595E-07 
36 13244000 7.2847 7.6263 8.3115E-07 
37 13450000 7.4752 7.7507 9.2177E-07 
38 13616Q00 7.6276 7.85Q8 1.1229E-06 
39. 13778000 7.8435 7.9937 1.1308E-06 
4Q 13908000 7.9.578 8.0698 9.7623E-07 
41 1405200Q 8.1178 8.1771 1.0351E-06 
42 1420000Q 8.2601 8.2730 9.8136E-07 
43 1432300Q 8,3769 8,3524 1.0140E-06 
44 14453000 8.5166 8.4478 1.U59E-06 
45 14562Q00 8.6436 8.5352 1.1906E-06 
46. 146450.00 8.7452 8.6056 1.8459E-06 
47 14734000.: 8.9.611 8.7565 2.3327E-06 
48 1479200Q 9.0881 8.8462 1.8815E-06 
49 14869000 9.2151 3.9365 1.5301E-06 
50 14958000 9.3421 9.0277 1.7279E-06 
51 15016000 9.4691 9.1196 2.3091E-06 
52 15068000 9.5961 9.2123 1.9389E-06 
53 15147000 9.7231 9.3058 1.7887E-06 
54 15210000 9.8501 9.4002 2.0992E-06 
55 15268000 9.9771 9.4955 1.8273E-06 
56 15349000 10.1041 9.5917 1.5776E-06 
57 15429000 10.2311 9.6889 1.4682E-06 
58 15522000 10.3581 9.7871 1.5461E-06 
59 15613000 10.5156 9,9103 2.0765E-06 
60 15659000 10.6426 10.0108 2.0851E-06 
61 15740000 10.7950 10,1330 2.2144E-06 
62 15854000 11.0744 10,3613 2.5220E-06 
63 15888000 11.1506 
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10,4246 2.9449E-06 
TABLE 2, SPECIMEN NUMBER B3-2 (Continued) 
J N CYCLE CRACK LENGTH 
mm 
DELTA K 
MPA»/M 
10.5312 
DA/DN 
mm/CYCLE 
64 15923000 11.2776 2.7912E-06 
65 15979000 11.4046 10.6390 2.0159E-06 
66 16049000 11.5316 10.7482 2.1021E-06 
67 16124000 11.7094 10.9035 2.5400E-06 
68 16169000 11.8364 11.0162 2.4660E-06 
69 16227000 11.9634 11.1304 2.9535E-06 
70 16255000 12.0904 11.2462 4.5720E-06 
71 16282000 12,2149 11.3612 3.5442E-06 
72 16341000 12.3952 11.5307 3.1361E-06 
73 16380000 12.5222 11.6521 3.0238E-06 
74 16425000 12.6492 11.7753 3.2152E-06 
75 16459000 12.7762 11.9004 3.5278E-06 
76 16497000 12.9032 12.0274 4.5357E-06 
77 16515000 13.0302 12.1563 4.5357E-06 
78 16553000 13.1572 12.2873 3.9077E-06 
79 16580000 13.2842 12.4203 3.9687E-06 
80 16617000 13.4112 12.5554 4.2689E-06 
81 16699000 13.7922 12.9742 4.7113E-06 
82 16741000 13.9954 13.2062 5.3258E-06 
83 16761000 14.1224 ■- 13.3545 6.1148E-06 
84 16795000 14.3256 13.5970 5.5638E-06 
85 16866000 14.7066 14.0704 5.7727E-06 
86 16883000 14.8336 14.2339 6.8146E-06 
87 16907000 14.9860 14.4341 8.2176E-06 
88 16917000 15.1130 14.6042 7.6970E-06 
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TABLE 3, SPECIMEN NUM BER B3-3 
J N CYCLE CRACK LENGTH 
mm 
DELTA K 
MPA/M 
13.5322 
DA/DN 
mm/CYCLE 
2 20000 3.7450 5.9000E-06 
3 30000 3.7670 13.5708 4.1500E-06 
4 J
 40000 3.8280 13.6774 8.7000E-06 
5 50000 3.9410 13.8735 9.8500E-06 
6 60000 4.0250 14.0182 9.9500E-06 
7 70000 4.1400 14.2149 1.6044E-05 
8 82500 4.3860 14.6308 1.2756E-05 
9 92500 4.4270 14.6995 6.2000E-06 
10 102500 4.5100 14.8382 1.0450E-05 
11. 112500 4.6360 15.0478 1.0250E-05 
12 122500 4.7150 15.1786 1.0650E-05 
13 132500 4.8490 15.3996 2.1450Eir05 
14 142500 5.1440 15.8827 1.9450E-05 
15 152500 5.2380 16.0359 1.2743E-05 
16 160000 5.3670 16.2456 1.8971E-05 
17 170000 5.5700 16.5749 2.4100E-05 
18 180000 5.8490 17.0264 3.0450E-05 
19 190000 6.1790 17.5604 2.9733E-05 
20 195000 6.2950 17.7483 2.5500E-05 
21 200000 6.4340 17.9738 3.1300E-05 
22 205000 6.6080 18.2566 3.9100E-05 
23 210000 6.8250 18.6105 3.8000E-05 
24 215000 6.9880 18.8775 3.4500E-05 
25 220000 7.1700 19.1768 3.3500E-05 
26 225000 7.3230 19.4297 3.4267E-05 
27 227500 7.4270 19.6023 3.8200E-05 
28 230000 7.5140 19.7471 3.5200E-05 
29 232500 7.6030 19.8957 4.7600E-05 
30 235000 7.7520 -20.1456 5.7200E-05 
31 237500 7.8890 20.3767 4.8600E-05 
32 240000 7.9950 20.5564 5.9400E-05 
43 
TABLE 3, SPECIMEN NUMBER B3-3 (Continued) 
J N CYCLE 
> 
CRACK LENGTH 
mm 
DELTA K 
MPA/M 
20.8824 
DA/DN 
mm/CYCLE 
33 242500 8.1860 5.8800E-05 
34 245000 8.2890 21.0594 5.6800E-05 
35 247500 8.4700 21.3727 6.8000E-05 
36 250000 8.6290 21.6503 6.3200E-05 
37 252500 8.7860 21.9268 7.4200E-05 
38 255000 9.0000 22.3077 7.9600E-05 
39 257500 9.1840 22.6393 8.7400E-05 
40 260000 9.4370 23.1016 9.7400E-05 
41 262500 9.6710 23.5363 1.1100E-04 
42 265000 9.9920 24.1448 9.7600E-05 
43 267500 10.1590 24.4673 9.2400E-05 
44 270000 10.4540 25.0476 1.2829E-04 
45 271000 10.6080 25.3563 1.8500E-04 
46 272000 10.8240 25.7963 1.5900E-04 
47 273000 10.9260 26.0071 1.2950E-04 
48 274000 11.0830 26.3354 1.1200E-04 
49 275000 11.1500 26.4769 1.2200E-04 
50 276000 11.3270 26.8553 1.6550E-04 
51 277000 11.4810 27.1899 1.2900E-04 
52 278000 11.5850 27.4188 1.3600E-04 
53 279000 11.7530 27.7938 1.5050E-04 
54 280000 11.8860 28.0953 1.9400E-04 
55 281000 12.1410 28.6855 1.9950E-04 
56 282000 12.2850 29.0261 1.7250E-04 
57 283000 12.4860 29.5109 2.1950E-04 
58 284000 12.7240 30.0995 2.5067E-04 
59 286000 13.2380 31.4293 1.8850E-04 
60 288000 13.4780 32.0798 3.2067E-04 
61 289000 14.2000 34.1631 2.4400E-04 
62 290000 13.9660 33.4660 8.4500E-05 
63 291000 14.3690 34.6805 2.9000E-04 
44 
TABLE 3, SPECIMEN NUMBER B3-3 (Continued) 
J N CYCLE CRACK LENGTH 
mm 
DELTA K 
MPAv'M 
35.2355 
DA/DN 
mm/CYCLE 
64 292000 14.5460 1.9800E-04 
65 293000 14.7650 35.9414 2.3100E-04 
66 294000 15.0080 36.7507 3.1850E-04 
67 ' 295000 15.4020 38.1247 4.6550E-04 
68 296000 15.9390 40.1304 4.9300E-04 
69 297000 16.3880 41.9365 4.1050E-04 
70 298000 16.7600 43.5300 3.8400E-04 
71 299000 17.1560 45,3305 4.6150E-04 
45 
TABLE 4, SPECIMEN NUMBER B3-4 
J N CYCLE CRACK LENGTH 
mm 
DELTA K 
MPA»/M 
13.5631 
DA/DN 
mm/CYCLE 
2 20000 3.8990 1.0200E-05 
3 30000 3.9910 13.7190 8.1000E-06 
4 40000 4.0610 13.8369 8.3000E-06 
5 50000 4.1570 13.9976 1..030.0E-05 
6 60000 4.2670 14.1806 1.1300E-05 
7 70000 4.3830 14.3721 1.1400E-05 
8 80000 4.4950 14.5559 1.7833E-05 
9 100000 4.9180 15.2417 1.8033E-05 
10 110000 5.0360 15.4311 1.6750E-05 
11 120000 5.2530 15.7778 1.7050E-05 
12 130000 5.3770 15.9752 1.6200E-05 
13 140000 5.5770 16.2928 2.0650E-05 
14 150000 5.7900 16.6302 2.0350E-05 
15 160000 5.9840 16.9373 2.4350E-05 
16 170000 6.2770 17.4012 3.0600E-05 
17 180000 6.5960 17.9076 3.4800E-05 
18 190000 6.9730 18.5094 4.1867E-05 
19 195000 7.2240 18.9129 3.4100E-05 
20 200000 7.3140 19.0582 2.5800E-05 
21 205000 7.4820 "' 19.3306 3.6800E-05 
22 210000 7.6820 19.6569 3.9300E-05 
23 215000 7.8750 19.9740 4.6200E-05 
24 220000 8.1440 20.4203 5.5067E-05 
25 222500 8.2880 20.6613 5.9200E-05 
26 225000 8.4400 20.9175 5.7000E-05 
27 227500 8.5730 21.1434 5.1600E-05 
28 230000 8.6980 21.3570 6.8000E-05 
29 232500 8.9130 21.7279 7.5400E-05 
30 235000 9.0750 22.0105 6.1000E-05 
31 237500 9.2180 22.2622 6.7800E-05 
32 240000 9.4140 
46 
22.6109 7.8200E-05 
TABLE 4, SPECIMEN NUMBER B3-4 (Continued) 
J N CYCLE CRACK LENGTH 
mm 
DELTA K 
MPA/M 
22.9623 
DA/DN 
mm/CYCLE 
33 242500 9.6090 9.5800E-05 
34 245000 9.8930 23.4826 1.1229E-04 
35 246000 10.0020 23.6852 1.1150E-04 
36 247000 10.1160 23.8989 1.1350E-04 
37 248000 10.2290 24.1125 1.0100E-04 
38 249000 10.3180 24.2821 8.5000E-05 
39 250000 10.3990 24.4375 9.5000E-05 
40 251000 10.5080 24.6483 1.3600E-04 
41 252000 10.6710 24.9670 1.2700E-04 
42 253000 10.7620 25.1469 9.3500E-05 
43 254000 10.8580 25.3383 1.2050E-04 
44 255000 11.0030 25.6303 1.7200E-04 
45 256000 11.2020 2€.0375 1.4850E-04 
46 257000 11.3000 26.2408 1.1100E-04 
47 258000 11.4240 26.5008 1.2100E-04 
48 259000 11.5420 26.7512 1.1550E-04 
49 260000 11.6550 26.9936 1.6550E-04 
50 261000 11.8730 27.4693 1.6450E-04 
51 262000 11.9840 27.7156 1.2600E-04 
52 263000 12.1250  - 28.0327 1.5750E-04 
53 264000 12.2990 28.4307 2.1050E-04 
54 265000 12.5460 29.0089 2.0850E-04 
55 266000 12.7160 29.4163 2.2100E-04 
56 267000 12.9880 30.0851 1.9550E-04 
57 268000 13.1070 30.3845 1.6000E-04 
58 269000 13.3080 30.9002 2.4250E-04 
59 270000 13.5920 31.6509 2.8600E-04 
60 271000 13.8800 32.4403 2.3800E-04 
61 272000 14.0680 32.9716 2.'5350E-04 
62 273000 14.3870 33.9041 2.6800E-04 
63 274000 14.6040 
47 
34.5618 2.3000E-04 
TABLE 4, SPECIMEN NUMBER B3-4 (Continued) 
J N CYCLE CRACK LENGTH 
mm 
DELTA K 
MPA*/M 
35.3220 
DA/DN 
mm/CYCLE 
64 275000 14.8470 2.6300E-04 
65 276000 15.1300 36.2404 3.4650E-04 
66 277000 15.5400 37.6387 3.4300E-04 
67 278000 15.8160 38.6279 3.0300E-04 
68 279000 16.1460 39.8649 3.5500E-04 
69 280000 16.5260 41.3673 4.6700E-04 
70 281000 17.0800 43.7195 4.6950E-04 
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TABLE 5, SPECIMEN NUMBER 9G1A3-1 
J N CYCLE CRACK LENGTH 
mm 
DELTA K 
MPA^M 
9.0166 
DA/DN 
mm/CYCLE 
2 137000 8.6970 2.3738E-06 
3 190000 8.8240 9.1064 2.4902E-06 
4 239000 8.9510 9.1967 2.3322E-06 
5 300000 9.0805 9.2895 2.6178E-06 
6 337000 9.2075 9.3811 2.8575E-06 
7 388000 9.3320 9.4714 2.6194E-06 
8 433000 9.4590 9.5643 2.3738E-06 
9 495000 9.5860 9.6579 2.4902E-06 
10 535000 9.7130 9.7522 2.5400E-06 
11 595000 9.8400 9.8473 1.9389E-06 
12 666000 9.9670 9.9431 2.0992E-06 
13 716000 10.0940 10.0398 2.7585E-06 
14 759000 10.2235 10.1392 2.4726E-06 
15 829000 10.3734 10.2554 1.9050E-06 
16 891000 10.4750 10.3350 1.9050E-06 
17 949000 10.6020 10.4352 2.4848E-06 
18 1121000 11.0465 10.7938 2.5502E-06 
19 1198000 11.2370 10.9516 2.6025E-06 
20 1243000 11.3640 11.0581 2.7021E-06 
21 1292000 11.4910  , 11.1659 2.5918E-06 
22 1341000 11.6180 11.2749 3.0825E-06 
23 1395000 11.8085 11.4407 3.3291E-06 
24 1444000 11.9609 11.5755 2.9411E-06 
25 1490000 12.0879 11.6893 3.1044E-06 
26 1534000 12.2403 11.8278 2.9688E-06 
27 1567000 12.3165 11.8978 2.8575E-06 
28 1614000 12.4689 12.0395 3.6763E-06 
29 1643000 12.5959 12.1592 3.4925E-06 
30 1694000 12.7483 12.3050 3.5560E-06 
31 1743000 12.9515 12.5031 4.4027E-06 
32 1769000 13.0785 
49 
12.6291 4.7037E-06 
TABLE 5, SPECIMEN NUMBER 9G1A3-1 (Continued) 
J N CYCLE CRACK LENGTH 
nun 
DELTA K 
MPA/M 
12.7569 
DA/DN 
mm/CYCLE 
33 1797000 13.2055 4.9804E-06 
34 1820000 13.3325 12.8866 4.5720E-06 
35 1847000 13.4341 12.9916 4.7625E-06 
36 1868000 13.5611 13.1247 5.0800E-06 
37 1897000 13.6881 13.2597 4.8846E-06 
38 1920000 13.8151 13.3968 5.5217E-06 
39 1943000 13.9421 13.5359 4.9804E-06 
40 1971000 14.0691 13.6772 4.1639E-06 
41 2004000 14.1961 13.8207 4.2333E-06 
42 2037000 14.3485 13.9959 4.2333E-06 
43 2064000 14.4501 14.1146 4.5720E-06 
44 2087000 14.5771 14.2651 4.8846E-06 
45 2116000 14.7041 14.4180 5.0800E-06 
46 2137000 14.8311 14.5735 4.7925E-06 
47 2169000 14.9581 14.7315 3.7353E-06 
48 2205000 15.0851 14.8922 4.4561E-06 
49 2226000 15.2121 15.0556 6.3500E-06 
50 2241000 15.3137 15.1883 6.0158E-06 
51 2264000 15.4407 15.3568 6.0476E-06 
52 2283000 15.5677 15.5282 5.2917E-06 
53 2312000 15.6947 15.7026 4.9804E-06 
54 2334000 15.8217 15.8801 7.4706E-06 
55 2346000 15.9487 16.0607 7.9375E-06 
56 2366000 16.0757 16.2446 7.0556E-06 
57 .2382000 16.2027 16.4318 8.7586E-06 
58 2395000 16.3297 16.6223 8.7586E-06 
59 2411000 16.4567 16.8163 8.1935E-06 
60 2426000 16.5837 17.0139 8.1935E-06 
61 2442000 16.7107 17.2151 7.9375E-06 
62 2458000 16.8377 17.4200 8.1935E-06 
63 2473000 16.9647 
50 
17.6288 8.5231E-06 
TABLE 5, SPECIMEN NUMBER 
J N CYCLE CRACK LENGTH 
mm 
64 2503000 17.2212 
65 2518000 17.3482 
66 2532000 17.4752 
67 2543000 17.6022 
68 2551000 17.7292 
69 2557000 17.8562 
70 2566000 17.9832 
71 257300C 18.1102 
72 2582000 18.2372 
73 2589000 18.3642 
74 2597000 18.4912 
75 2606000 18.6182 
76 2613000 18.7452 
77 2619000 18.8722 
78 2626000 18.9992 
79 2632000 19.1262 
80 2638000 19.2532 
9G1A3-1 (Continued) 
DELTA K 
MPA/M 
18.0624 
18.2832 
18.5082 
18.7375 
18.9712 
19.2093 
19.4520 
19.6994 
19.9516 
20.2086 
20.4707 
20.7378 
21.0102 
21.2879 
21.5710 
21.8597 
22.1540 
DA/DN 
mm/CYCLE 
8.5231E-06 
8.7586E-06 
1.0160E-05 
1.3368E-05 
1.8143E-05 
1.6933E-05 
1.5875E-05 
1.5835E-05 
1.5875E-05 
1.6933E-05 
1.4941E-05 
1.5875E-05 
1.9538E-05 
1.9538E-05 
1.9538E-05 
2.1167E-05 
2.7940E-05 
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TABLE 6, SPECIMEN NUMBER : 9G1A3-2 
J N CYCLE CRACK LENGTH 
mm 
DELTA K 
MPA»/M 
4.4389 
DA/DN 
mm/CYCLE 
2 1280000 3.2766 1.9670E-08 
3 2317000 3.2893 4.4470 1.0845E-08 
4 3622000 3.3020 4.4552 3.2681E-08 
5 4260000 3.3528 4.4876 8.1064E-08 
6 4562000 3.3782 4.5037 6.6405E-08 
7 5025000 3.4036 4.5198 2.5998E-08 
8 8470000 3.4798 4.5677 2.2806E-08 
9 9480000 3.5052 4.5836 1.7397E-08 
10 11390000 3.5306 4.5994 1.5021E-08 
11 12862000 3.5560 4.6152 1.4553E-08 
12 14008000 3.5687 4.6231 1.0911E-08 
13 15190000 3.5814 4.6310 1.7623E-08 
14 16170000 3.6068 4.6467 1.9040E-08 
15 17191000 3.6195 4.6545 1.3439E-08 
16 18060000 3.6322 4.6624 2.6472E-08 
17 19110000 3.6703 4.6858 4.6435E-08 
18 20248000 3.7338 4.7247 7.7861E-08 
19 20578000 3.7846 4.7556 9.6762E-08 
20 21298000 3.8354 4.7863 6.0368E-08 
21 22261000 3.8862 4.8170 7.1069E-08 
22 23085000 3.9624 4.8627 1.1086E-07 
23 24094000 4.0894 4.9382 1.3956E-07 
24 24541000 4.1656 4.9832 1.1104E-07 
25 25009000 4.1910 4.9981 1.0304E-07 
26 25527000 4.2672 5.0428 1.1276E-07 
27 25910000 4.2926 5.0576 7.3094E-08 
28 26222000 4.3180 5.0724 7.7086E-08 
29 26569000 4.3434 5.0872 1.0657E-07 
30 26937000 4.3942 5.1167 9.7567E-08 
31 27350000 4.4196 5.1314 1.8637E-07 
32 27891000 4.5720 
52 
5.2193 3.1895E-07 
TABLE 6, SPECIMEN NUMBER 9G1A3-2 (Continued) 
J N CYCLE CRACK LENGTH 
mm 
DELTA K 
MPA/M 
5.2920 
DA/DN 
mm/CYCLE 
33 28226000 4.6990 2.3991E-07 
34 28738000 4.7752 5.3354 2.2256E-07 
35 29139000 4.9022 5.4074 3.1488E-07 
36 29464000 5.0038 5.4648 2.7810E-07 
37 29687000 5.0546 5.4934 3.0664E-07 
38 29961000 5.1562 5.5504 3.9002E-07 
39 30208000 5.2578 5.6073 3.8073E-07 
40 30428000 5.3340 5.6499 3.3717E-07 
41 30660000 5.4102 5.6924 2.7079E-07 
42 30897000 5.4610 5.7207 2.9398E-07 
43 31092000 5.5372 5.7631 5.9070E-07 
44 31284000 5.6896 5.8477 6.9273E-07 
45 31532000 5.8420 5.9321 5.8316E-07 
46 31676000 5.9182 5.9743 6.7914E-07 
47 31906000 6.0960 6.0727 6.8649E-07 
48 32120000 6.2230 6.1429 6.0838E-07 
49 32240000 6.2992 6.1850 5.8615E-07 
50 32380000 6.3754 6.2272 6.1522E-07 
51 32529000 6.4770 6.2834 7.2869E-07 
52 32746000 6.6421 6.3749 7.0752E-07 
53 32888000 6.7310 6.4242 7.9375E-07 
54 33146000 6.9596 6.5513 8.2419E-07 
55 33227000 7.0104 6.5796 6.3106E-07 
56 33307000 7.0612 6.6079 8.0818E-07 
57 33447000 7.1882 6.6789 9.4953E-07 
58 33521000 7.2644 6.7216 8.7965E-07 
59 33678000 7.3914 6.7928 8.3736E-07 
60 33794000 7.4930 6.8500 9.6630E-07 
61 33862000 7.5692 6.8930 1.0026E-07 
62 33946000 7.6454 6.9361 9.4953E-07 
63 34076000 7.7724 7.0082 9.1440E-07 
64 34196000 7.8740 7.0660 9.7277E-07 
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TABLE 6, SPECIMEN NUMBER 9G1A3-2 (Continued) 
J N CYCLE CRACK LENGTH 
nun 
DELTA K 
MPA/M 
7.1387 
DA/DN 
mm/CYCLE 
65 34311000 8.0010 1.1621E-06 
66 34349000 8.0518 7.1678 1.3918E-06 
67 34457000 8.2042 7.2555 1.3229E-06 
68 34541000 8.3058 7.3143 1.1705E-06 
69 34674000 8.4582 7.4030 1.1814E-06 
70 34799000 8.6106 "7.4922 1.2586E-06 
71 34896000 8.7376 7.5671 1.4033E-06 
72 34980000 8.8646 7.6424 1.3951E-06 
73 35160000 9.1059 7.7868 1.4220E-06 
74 35239000 9.2329 7.8636 1.5268E-06 
75 35343000 9.3853 7.9564 1.6711E-06 
76 35467000 9.6139 8.0972 1.7825E-06 
77 35571000 9.7917 8.2081 2.0020E-06 
78 35670000 10.0203 8.3526 2.0258E-06 
79 35734000 10.1219 8.4175 1.4411E-06 
80 35811000 10.2235 8.4829 1.7141E-06 
81 35897000 10.4013 8.5984 1.9414E-06 
82 35968000 10.5283 8.6819 1.7604E-06 
83 35998000 10.5791 8.7155 2.2942E-06 
84 36123000 10.8839  - 8.9199 2.3467E-06 
85 36182000 11.0109 9.0066 2.2175E-06 
86 36249000 11.1633 9.1117 2.5528E-06 
87 36381000 11.5189 9.3625 2.9673E-06 
88 36463000 11.7983 9.5652 2.9882E-06 
89 36534000 11.9761 9.6969 2.6737E-06 
90 36615000 12.2047 9.8697 3.2830E-06 
91 36681000 12.4587 10.0662 4.2015E-06 
92 36748000 12.7635 10.3089 4.2617E-06 
93 36830000 13.0937 10.5809 4.7855E-06 
94 36886000 13.4239 10.8629 4.9161E-06 
95 36954000 13.7033 11.1101 4.5663E-06 
54 
Mn 
Ni 
Cr 
Cu 
MO 
V 
Al 
C 
P 
S 
Si 
TABLE 7 
BASE MATERIAL WELD 
.983 1.103 
.387 
.126 
.291 .443 
.367 .297 
.0023 .0040 
.024 
.029 
.0035 
.0070 
.131 .120 
.041 .030 
.035 
.029 
.244 
.202 
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FIG.1     100X  SPECIMEN  G553 
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-\ 
FIG.2     100X  SPECIMEN   G554, 
59 
/ 
FIG.3     AS   E.B.   WELDED 
FIG.4     AS   E.B.   WELDED 
60 
FIG.5  AS E.B. WELDED 
FIG.6  SURFACE GROUND 
61 
FIG.7  SURFACE GROUND. 
FIG.8  9G1A3, PHOTO ERROR 
SURFACE GROUND. 
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FIG.10     LOCATION   OF  SPECIMENS. 
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FIG.11     LOCATION  OF  SPECIMENS. 
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FIG.12  FINE GRAIN WELD METAL 
ORIGINAL 50X. 
FIG.13  COARSE GRAIN WELD METAL 
ORIGINAL 50X. 
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FIG.16  J AROUND CONTOUR r AT A CRACK TIP. 
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(a) Test Specimen 
Configuration 
(b) Load Displacement 
Records 
(c) Energy Per Unit Thickness 
vs. Crack Length for 
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FIG.19  AMSLER VIBROPHORE AND GARRET MICROSCOPE, 
72 
JO-" 
esi- 
t 
CD 
I: 
co- 
ro- 
AK.   KSI \/IN 
6     6   7   8 9  JO   l 
_l I I I I L  
LU 
—J o CM 
>- o •f 
\ O 
>~ ^. 
SI at 
CD 
* r> 
z CO o LO 
*S. (X TT o 
ro 
CM 
f 
O 
o>- 
CD- 
r- 
CD- 
IA- 
«r 
T- 
JO- 
CM- 
D Uiilo' 
AK.    MPfl N/FT 
FIG.20     A36-1 
73 
AK.   KSI VTN 
LU 
_J 
O 
>- 
o 
cc 
o 
6   7  6 9 *10 
AK,   MPfl v/rT 
FIG.21.   A36-2 
74 
4 
U 
10 
4-> 
10   C 
C   QJ (U   E 
E   OJ 
•r-   O 
u «o 
a> i— 
a. a. 
to 10 
•r— 
+J i— "O 
c «a 
ai O 4-> 
E •r~   C 
a> 4-> a; 
u c s- 
«a ai a) 
-u««- 
a. •i- M- 
w •«— 
p- ■a XJ □ «a 
o o 
_j +J 
*o 
■o 
c 
•p- 
«f- 
ro 
< 
• 
to 
> 
'  • 
- •-D z 
o 4-> t—i O 
p— H- 
a. 
_J 
^~*» => ■o <_> 
o 
__I 
<c 
CD 
La 
h- 
z: 
1 
•"D 
+J o 
c 
aj o 
E 
Cd 
o 
•a 
o 
DC 
LU 
"a. s 
. «/> 
•r™ ■a CM 
x: CSJ 
o • 
c 
(O 
0) CO 
o 
u_ 
at «f- 
u 
<o ■"3 
"a. 0) 
10 +■> 
a r— 
3 
U 
r—• 
ia 
o 
peon r3 peon 
75 
FIG.23  ETEC SCANNING ELECTRON MICROSCOPE 
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FIG.24 CRACK FRONT OF BEND SPECIMEN 
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FIG.25     SPECIMEN   B3-2   35X 
W 
FIG.26     SPECIMEN  B3-2   120X 
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